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However, compared to coal, natural wood has a low energy density, a high water content, a poor grindability and a poor durability against biodegradation [1] . These weak fuel properties impede the handling and processability of wood and slow down the development of the wood-to-energy sector [2] .
Thus, pretreatments are worthwhile considered to overcome these weaknesses. They provide higher grade raw material for thermochemical processes and they strengthen this valorization path. Among them, torrefaction is a mild pyrolysis process suitable for upgrading the fuel properties of wood [3] [4] . It is typically carried out at 250 -300°C in an atmosphere depleted of oxygen. It is seen as a promising thermochemical pretreatment [5] and its large scale development is expected for the decade to come [6] .
However, the development of torrefaction raises safety issues. Indeed, combustible materials are liable to oxidation and are therefore prone to self-heating and self-ignition [7] . Moreover, the associated risks are boosted by production and handling scale up [8] .
Self-heating leads to a temperature rise and occurs when exothermic reactions, like oxidation, release heat faster than the dissipation rate of the bulk material. Hazard and risk issues are raised since the temperature increase generally promotes the heat generation and might naturally leads to self-ignition, the critical state of self-heating. Transition from self-heating to self-ignition is characterized by a thermal runaway of the exothermic reactions. Franck-Kamenetskii's theory provides a safety design tool by superimposing an exothermic Arrhenius law to a Newton's law of cooling and shows that these phenomena are inherently related to the size of the bulk material considered [9] . Indeed, self-heating occurs when the cooling capacity becomes limiting enough, i.e when the bulk material is large enough.
Self-heating studies are generally based on the Franck-Kamenetskii method [9] , the crossing point method [10] or the heat release method [11] . They are based on direct temperature measurements inside a bulk material. They estimate the self-heating kinetic parameters and provide by extrapolation the self-ignition temperature for a given size. An Arrhenius temperature dependency is generally observed for coals [12] and for carbonaceous feedstocks [13] . Self-ignition is a well-recognized phenomenon for biomass and for coal [14] [15] [16] . Self-ignition of torrefied wood has been experienced in laboratory [17] [18] and suspected at the industrial scale [17] but literature is rather scarce for this material. To the best of our knowledge, there is no study that investigates the influence of torrefaction severity at the reactor scale.
In the coal industry, the low temperature oxidation has been and remains a question of particular interest.
Literature review can be found elsewhere [19] . Researches have put forward an adsorption mechanism pathway [20] . Moreover, results show that oxygen is at least chemisorbed on a carbon atom located on the coal surface [21] and forms a complex which is further decomposed into gaseous products [22] which are mainly carbon oxides (CO, CO 2 ) and water [23] [24] . The quantities of adsorbed oxygen [25] and gaseous products generated [26] are very low when there is no ignition. However, there is no consensus about the mechanism of the reaction [19] . Recently, the reactivity of torrefied materials with oxygen has been investigated. Results seem to indicate that torrefaction severity increases the rate of heat generation. This has been shown by direct heat flow measurements [27] [28] or by indirect adsorption rate measurement [27] .
In the context of production scale up, the question of whether or not torrefaction enhances self-heating propensity is of interest. The aim of this work is to answer this question at the reactor scale.
Materials and methods:
2.1. Raw materials and experimental device Wood was provided by SoWood Argenteuil, France and consisted of laboratory grade beech chips. Their average length, width and thickness are about 8, 4 and 2 mm, respectively. Figure 1 shows the experimental device used in this study. Experiments were carried out in a stainless steel cylinder of 40 cm height and 20 cm diameter. Holes of 1.5 mm diameter were drilled in the peripheral reactor surface to instrument the bed with K-type thermocouples at 10, 15 and 20 cm elevation (± 1 cm) along the cylinder axis and above the bottom of the bed. The reactor was inserted in a cylindrical oven heated by lateral heating elements. The upstream gas flow was admitted in the reactor through a bottom perforated plate. Between the reactor and the oven, the airtightness was achieved by compressing a carbon-graphite gasket.
The gas flow rate was measured and monitored by two mass flowmeters (Brooks, SLA5851S). A gas preheater was used to monitor the temperature of the gas flow at the inlet of the reactor. At the output of the reactor, the gas flow was cooled down in a counter-current heat exchanger. The liquid obtained from gas condensation was extracted and treated as a waste. Before being cleaned in an activated carbon filter and released to the atmosphere, part of the non-condensable gases was pumped, cleaned and analyzed. Gas analyzers were used to measure the volumetric fraction of carbon monoxide, from 0 to 3000 ppm, oxygen, from 0 to 25% (Servopro 4900, Servomex, UK) and carbon dioxide, from 0 to 20 % (Servopro 1440, Servomex, UK). 
Experimental protocol
The experimental protocol was divided in two steps. The first one was the preparation of the bed for studying self-heating and involved drying, torrefaction and cooling. The second step was the introduction of an oxygen-containing gas through the torrefied bed. Time t i will refer to the moment when oxygen is introduced in the reactor at the temperature T i .
Drying was achieved outside of the reactor. About 2.23 ± 0.005 kg of natural wood chips were dried during 24 hours in an oven at 105°C. A dried wood mass of 2.01 ± 0.01 kg was then introduced in the reactor. The height of the bed was measured at three different locations. The oven was closed with an insulated hat and nitrogen was then admitted at a flow rate of 30 NL.min -1 . The temperature of the lateral oven heating elements (controlled by thermocouple 1 on Figure 1 ) was set to the desired torrefaction temperature, 250 or 285°C for mild or severe torrefaction, respectively. The temperature of the gas preheater heating elements (controlled by thermocouple 2 on Figure 1 ) was set to match the inlet gas flow temperature (measured by thermocouple 3 on Figure 1 ) with the lateral heating elements temperature. The heating was achieved at a rate of 5°C.min -1 for both the oven and the preheater. The duration of the torrefaction palier was kept constant at 1 h for all of the experiments. At the end of the palier, the set point temperature was leveled down to the desired temperature T i .
Fifteen minutes after the set point temperature was reached for both of the heating devices, oxygencontaining gas was admitted in the reactor at a flow rate of 10, 20 or 30 NL.min -1 and at a volumetric fraction of 7, 14 or 21%, on volume basis. To stop an experiment after self-heating observation, the heating devices were switched off, the bed was cooled down to around 40°C under air flow and the reactor was opened. Output gases were analyzed from the beginning of the fifteen minutes.
Global and local characterizations
After opening the reactor, the height of the torrefied bed was measured at the same locations as that of the dried bed. The chips were recovered from the reactor by using a pre-weighted vacuum cleaner. As presented in equations (1) and (2), the weight of the bed was used to calculate the overall anhydrous weight loss (AWL, [%]). Dimensions were used to calculate the anhydrous volume loss of torrefaction (AVL,
[%]).
where corresponds to a mass [kg] and to a volume [m 3 ], dry and torr indices refer to dry and torrefied beds, respectively.
Two reference torrefactions were carried out at 250 and 285°C. For these experiments, the oxygencontaining gas was not admitted in the reactor until complete cooling and thus no self-heating was generated. During these chips recovery, sampling was performed along the cylinder axis at 20, 15 and 10 cm elevation. Additional sampling was achieved near the reactor wall, three at 10 cm and three at 20 cm elevation. Raw wood and reference torrefied chips samples were ground with a knife mill (Pulverisette 15, Fritsch, Germany) equipped with a 0.5 mm trapezoidal grid and further dried at 105°C overnight. Three elementary analyses were done for each sample using a CHNS elemental analyzer (NC 2100, CE Instruments, England). The sulfur content was below the detection limit, the nitrogen content was always inferior to 0.3% and the oxygen content was obtained by difference. The atomic ratios O/C and H/C were calculated from these results. For each sample, relative variation was close to 0.5%.
Data processing
When the oxygen-containing gas was introduced in the reactor, three scenarios were observed: no significant temperature rise, self-heating or self-ignition. Figure 2 depicts such experimental results. Selfheating will be discussed in terms of initial speed of the temperature rise (v SH , [°C.min Output gases are considered as perfect gases with constant molar volume. Carbon oxides and oxygen fractions will refer to the volumetric fraction of these components measured in the gas phase at the bed output. ]). They are defined by equations, (3), (4) and (5) respectively.
where is the sum of carbon oxides maximum fraction of the gas phase [%] and the flow rate [NL.min -1 ].
where is the fraction of oxygen in air equal to 20.95% and the minimum oxygen fraction measured at the reactor output [%].
where and are the CO to CO 2 fraction, respectively [%].
Results and discussion:
The experimental results are discussed in two parts: the first one is related to the bed preparation and is focused on the severity and the homogeneity of the bed torrefaction. The second one is related to selfheating and is focused on self-heating propensity and gaseous products generation. Table 1 depicts the global characteristics of the bed after an experiment. No difference is found between reference torrefaction and torrefaction followed by a self-heating if there is no ignition. Oxygen reactivity
Fixed bed torrefaction
with torrefied wood appears not to imply a significant amount of mass compared to the mass loss of torrefaction. As expected, the AWL and the AVL increase with the severity of torrefaction. A higher temperature of torrefaction rises the amount of devolatilized and carbonized wood cell wall polymers [3] .
The shrinkage is more pronounced at elevated temperature [29] . Interestingly, for both of the torrefied beds, the AWL is nearly 1.6 larger than the AVL. As a direct consequence, the total porosity of the beds remains constant with torrefaction severity. Results from elementary analysis are presented in Table 2 . A classical decrease of the O/C and H/C atomic ratios with the increase of torrefaction severity is observed [1] . This results from the thermal degradation of wood in oxygenated gas species such as water, carbon oxides and others organic compounds [30] . An increase of the carbon content and a decrease of the hydrogen content with the sampling elevation can also be noticed. This implies a slightly higher torrefaction severity with the elevation in the bed. This is confirmed by the temperature monitoring. Indeed, even if the upper parts of the bed heat up more slowly, they also cool down more slowly. Globally, they remain a longer time at temperatures where torrefaction reactions occur, i.e. above 200°C [3] . Despite these differences, the torrefaction severity along the reactor axis is quite uniform. Moreover, the elementary analysis results in horizontal planes are close, within 1.5% of standard deviation. Therefore the torrefaction severity inside of the bed will be assumed as homogeneous. 3.2. Self-heating 3.2.1. Self-heating propensity Figure 3 presents typical temperature evolution records inside the bed during a self-heating. At constant air flow rate, it is admitted that the temperature rise reaches a maximum because of a reactant depletion decreasing the heat generation rate [31] . More precisely, as the oxygen consumption is very low [25] , its adsorption on wood surface is limited by the number of available reactive sites on the solid. One can notice on Figure 3 that the self-heating speed does not depend on the thermocouple elevation inside the bed. Indeed, initial temperature measurements at 10, 15 and 20 cm elevation were always closer than 2°C. Moreover, the oxygen fraction is rapidly well-established in the bed compared to the characteristic duration of self-heating, i.e. 30 minutes. Thus, we assume that, at time t i , the bed is uniform in terms of temperature, torrefaction severity and oxygen fraction. Therefore, the heat generation term is homogeneous. However, the maximum temperature overshoot increases with the thermocouple elevation in the bed. By assuming a constant heat transfer coefficient between wood chips and flowing gas and also a constant exchange surface area between the solid and the gas during torrefaction, the cooling rate is proportional to the temperature difference between the solid and the gas phase. As the flow is ascending, the amount of heat evacuated by advection decreases from the bottom to the top of the bed and explains partly this result. Nevertheless, because of complex coupled phenomena, process modelling is required to explain this behavior in further details. Reproducibility of self-heating was tested by three replicates for an initial temperatures of 130 and 150°C for the severely and the mildly torrefied beds, respectively. For these experiments, the relative standard deviations for the self-heating speed and for the maximum temperature overshoot are about 30%. This is quite satisfactory for a bed of a few kilograms. The main variations might arise from changing chips arrangement, which disturbs the advection through the bed and thus, the local cooling capacity. Under similar experimental conditions, the self-heating speed is about 4 times higher when the AWL is doubled. It can be clearly concluded that the severely torrefied bed generates heat faster than the mildly torrefied bed. This result is consistent with previous findings related to the low temperature oxidation of torrefied wood despite the reactor scale. Indeed, TGA and DSC measurements reveal that the more severe the torrefaction, the larger the amount of oxygen adsorbed on the wood surface [27] and the larger the exothermic heat flow generated by the reaction [27][28] . This is generally explained by an increase of the carbon content of wood [27] [28] and/or by a increase of the reaction surface area with the severity of torrefaction [28] . These explanations suggest an increase of the number of reactive sites on the wood surface. Moreover, the severity of torrefaction might also affect the reactivity of these sites. The influence of the oxygen volumetric fraction and the gas flow rate on the self-heating speed is presented on Figure 5 . Results concern the mildly torrefied bed with an initial temperature of 150°C. It can be observed that a larger oxygen fraction increases the self-heating speed. This supports the idea of a non-zero order reaction according to oxygen. Under the lowest oxygen level (7%), no significant selfheating was recorded. In the literature, self-ignition of wood appears to be also affected by an oxygen fraction as low as 7% [32] . At constant oxygen fraction, the speed of the temperature rise is larger for low flow rate. As expected, the more heat is evacuated by advection, the lower the self-heating speed. The influences of the gas flow rate and the torrefaction severity on self-heating propensity are also confirmed by the temperature at which thermal runaway occurs. Indeed, at an air flow rate of 30 NL.min , self-ignition occurs at 150°C for the mildly torrefied bed. Noteworthy, ignition of the bed always starts on its top because of higher initial temperature. This particularity corroborates experimentally the hotspot problem related to self-heating. Indeed, locally warmer temperature facilitate the development of self-ignition [33] . In this critical state, if none of the experimental parameters is changed, a sharp increase of the temperature rise is observed, typically 60°C.min -1 , followed by the combustion of the entire bed. However, by increasing the air flow rate or diminishing the oxygen fraction of the inlet gas phase, the combustion process can be restrained as shown in Figure 6 . 
Generation of gaseous products
Figure 7a, b and c provide the evolution of the carbon oxides fractions at the outlet of the reactor filled with the severely torrefied chips at various initial temperatures. The molar ratio CO/CO 2 is also presented.
One can observe that the higher the initial temperature, the higher the fraction of carbon oxides. Indeed, temperature increase accelerates both adsorption and decomposition reactions. Moreover, production of oxidative gas evolves differently depending on the initial temperature. At initial temperatures of 110°C and 120°C, the carbon oxides fractions quickly reach a maximum and then decrease slowly. However, when oxygen is introduced at 130°C and 140°C, the oxides fractions keep increasing during 30 -50 minutes before reaching a maximum value. Finally, a sharp increase is observed at the initial temperature of 150°C, revealing that thermal runaway occurs. The same evolutions have been observed for carbon oxides productions when coal is exposed to air during a self-heating and a self-ignition [34] . As other parameters remain constant during the experiments, it is assumed that the self-heating temperature rise is large enough to influence the kinetic of the reactions taking place. The CO/CO 2 ratio has the same evolution but slightly more pronounced. Furthermore, it increases with the initial temperature. For coal, a previous study [34] also found a higher CO/CO 2 ratio when the initial temperature is raised. However, the production of CO starts earlier than the production of CO 2 , which was not the case in the results resented here. . Figure 9a and b depict the peaks of oxygen consumed and carbon oxides produced, respectively, as a function of the initial temperature except when ignition occurs. The effect of the torrefaction severity and the air flow rate is presented. Torrefaction severity increases the amount of both oxygen consumed and carbon oxides produced. The flow rate seems to influence neither oxygen consumption nor carbon oxides production. However, for the mildly torrefied bed and an initial temperature of 140°C, the calculated CO/CO 2 ratio is multiplied by a factor two when the air flow rate decreases from 30 to 10 NL.min -1 . The study [35] investigates the influence of the ventilation rate on coal self-heating. In contrast to our experimental observations, the CO/CO 2 ratio remains more or less constant under different flow rates.
This might be explained by the use of different raw material and/or by the use of different particle and bed sizes. Carbon oxides, water and aliphatic hydrocarbons were measured by [26] as gaseous products generated by the low temperature oxidation of wood. However, [27] shows that the amount of water and aliphatic hydrocarbons generated are weak compared to the amount of carbon oxides produced. Moreover, it can be assumed that the oxygen atoms contained in the torrefied wood are stable because the rate of the pyrolysis reactions are low at these temperatures [3] . Finally, the oxygen molecule balance can be calculated according to equation (6) .
Interestingly, the amount of oxygen molecules consumed by the bed is higher than the amount of oxygen molecules released in the carbon oxides. A quantity of oxygen molecules appears to be consumed and retained by the solid while the air crosses the torrefied beds. It is assumed that this amount of oxygen is adsorbed and forms oxygenated complexes onto the wood surface, as for coal [22] . Thus, the oxygen adsorption rate was calculated at the maximum carbon oxides released, which approximately corresponds to the maximum temperature overshoot. For a given temperature, the oxygen adsorption rate is higher for the severely torrefied bed than for the mildly torrefied bed. This supports the idea that the number of available reactive sites for oxygen adsorption is boosted when torrefaction temperature increases. Oxygen adsorption rate vs average self-heating speed is presented in Figure 10 . A rough monotone dependency can be observed: the higher the self-heating speed, the higher the oxygen adsorption rate. Based on this graph, it is not possible to derive two distinct heats of adsorption for mildly and severely torrefied woods.
However, coupling gas analysis and temperature monitoring during a self-heating might potentially help to obtain the heat of adsorption. This value can not be calculated separately from usual self-heating test methods [13] and is generally considered as a constant when modelling self-heating process [7] . 
Conclusion
Self-heating experiments at the reactor scale is a compromise between industrial scale self-heating, where phenomena are not well controlled, and microscale experiments where self-heating can not be observed.
Thermal measurement results presented in this study clearly show an increase of self-heating and selfignition propensity with the severity of torrefaction. This result indirectly corroborates the previous findings on the reactivity between oxygen and torrefied wood. In the context of production scale up, attention should be paid on the process safety, especially if severely torrefied wood is produced.
Results of the output gas analysis reveal an adsorption mechanism pathway. Oxygen adsorption on the wood surface is enhanced by torrefaction severity and explains its easiness to self-heat and self-ignite. The result is still not clearly explained and deserves future investigations. Moreover, the heat associated to the adsorption reaction might also change with the severity of torrefaction.
Finally, this work provides new experimental data of temperature evolution during a self-heating which are of interest in the perspective of process modeling.
